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Solution NWL-5E APPENDIX E -NWL-5E Gravity Coefficients ' The camera observations are available for many satellites for time periods of several years. While daily observations have not been made by the complete Doppler system for such time spans because of failures which ultimately occur in the satellite power system or circuitry, only a small part of the data which has been obtained has been used in geodetic solutions made to date. The all-weather capability and the somewhat larger number of stations in the Doppler network has permitted the extraction of a large amount of information from short time periods of observation. The Baker-Nunn network is shown in figure 1. Since the observations must be referenced to a star background, the stations observe only on relatively clear nights. Since few satellites are actively illuminated, observation times are further limited to times near sunrise and sunset when the sun and satellite fire in favorable positions to permit the camera to record a reflection of the sun off the satellite. Up to 1966, the Doppler equipment, consisting of 13 relatively fixed stations and five mobile vans has obtained data from the sites shown in figure 2 for time periods of six weeks to six years. The equipment has provided reliable data more than 90 percent of the time that a satellite is scheduled for observation. Thus data during four or more passes, depending on the satellite altitude, are obtained each day for each satellite with a stable oscillator unless another such satellite with a higher priority is above the radio horizon of the station during the pass. Other types of observations have not played a role in determining the complete specifications for the gravity field either due to lack of precision of the equipment or due to scarcity of observations. However, the Minitrack system of the National Aeronautics and Space Administration provided the first information on the latitude variation of the gravity field( 6 4\ 7 ' aiu i is still contributing to the refinement of this information^8^9) through the determination of the direction to actively transmitting satellites. The direction is found by comparison of phase of the incoming signal on pairs of antenna systems. Another important contribution to verification of the geoid has been made by the analysis of observations^ ' of synchronous satellites, which yields information on some of the gravity coefficients. 
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Orbit Theory
The orbit constants are the six constants of integration of the satellite orbit which best fit the observations. The orbit is computed either by numerical integration of the equations of motion from these initial conditions or by general perturbation methods, wherein the quadratures are completed analytically after appropriate transformations and approximations are made. Since partial derivatives of the observations with respect to the orbit constants, gravity parameters and other constants in the equations of motion are required in the least squares solution, the partial derivatives of satellite position with respect to these parameters are also obtained either by numerical integration or by general perturbation methods. In some cases some or all of the partial derivatives are found by general perturbation methods while the satellite orbit is found by numerical integration. Although the methods differ in their accuracy, the differences are not sufficient to account for the differences in the solutions for the geoid.
Statistical Representation
Since the distribution of the observing stations on the earth is not uniform, some attempts have been made to compensate by introducing weights which tend to equalize the strength of the data from different geographic areas. Some experiments have also been performed in which the component of the optical sight line which is along the direction of motion of the satellite was given lower weight in order to compensate for variable atmospheric drag effects. The various methods of aggregating the 300 or so Doppler observations obtained on each satellite pass include a special form <") of averaging groups of eight points, polynomial fitting to the pass, and transformation of the raw data to measurements of frequency, slant range and the equivalent of the time of closest approach for the pass. All representations of the data assume the observations are uncorrelated whether in the raw or in the transformed state.
Method of Solution
Each solution for the geoid involves the formation of the normal equations arising from imposing the condition that the values of the parameters shall minimize the sums of squares of the residuals of observation. These equations are sometimes solved simultaneously while in other cases subsets of the equations are solved for subsets of the parameters. It is expected that converged solutions obtained by either method would be equivalent, although statistical estimates of the accuracy of the solution are normally obtained only when the parameters are obtained from the simultaneous solution of the equations.
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Solution NWL-5E
The most complete solution for the geold obtained by the Naval Weapons Laboratory on the basis of Doppler observations Is called NWL-5E. This parameter set was obtained as a simultaneous solution for the gravity coefficients through seventh degree and sixth order, the coordinates of the observing stations, the orbit parameters and a drag parameter for each span of data used, and a frequency and frequency drift parameter for each satellite pass over each station. The extent and distribution of the observational data upon which this solution is based is shown in table 1. The NWL-5E gravity parameters obtained in the solution are listed in appendix E, table 6, while the geoid contours obtained from these coefficients are shown in appendix A, figure 3 . As a computational expedient, each geoid given in this report was defined to be the equipotential surface equivalent to the gravity coefficients which passes through a geocentric reference ellipsoid at zero degrees latitude and longitude. The next sections describe the sensitivity of this solution for the geoid to variations in the number of gravity parameters in the solution, the number and distribution of observations on satellites having different orbital inclinations, and to the number of observing stations. It is believed that these are the principal sources of variations in the solutions for the geoid obtained to date. The geoid contours obtained in the tests discussed in the next three paragraphs are shown in appendices B, C and D, respectively.
Effect of Reducing Number of Parameters
The NWL-5E observational data were used to conduct a series of tests to determine the influence of the number of gravity parameters on the solution for the geoid. First the solution was truncated from seventh degree to fourth degree by simply discarding the higher degree coefficients. Some of the features of the geoid were lost, and many of the other features were reduced in depth as may be seen by comparing the first two columns of table 2. The set of coefficients through fourth degree and order obtained in a solution which did not include higher order coefficients as parameters was termed the "best (4,4) solution." The features of this solution, shown in the third column table 2, are similar to the truncated (4,4) solution. Another method of reducing the number of gravity parameters in the solution involves a trans-: formation to the space in which the gravity parameters are decoupled^ i and reduction of the number of gravity parameters in this "Q" space.' 1 * Solutions £or the 40 and 50 most significant parameters in Q space, based on the same observational data used in the NWL-5E solution are given in the last two columns of table 2. It can be seen that the 4 . solution for the 40 most significant gravity parameters is inferior r* (4,4) solution, although the latter involves a smaller number of parameters. However, this does not indicate that solutions in Q apace are without application: The transformation was designed to obtain a solution in cases where the full parameter set is indeterminate, which was not the case in this example.
Effect of Satellite Orbital Inclination
The NWL-5E solution was based upon observations of satellites having four different orbital inclinations. Solutions were also obtained omitting data from each of the four inclinations in turn. A summary of the geoid features for each of these solutions is given in table 3. Omission of the data observed on the satellite with an orbital inclination of 32 degrees resulted in the largest disturbance of the solution. However, the geoid heights generally agree to 15 meters.
Effect of Number of Observations and Number of Stations
In order to test the influence of the number of observations and the number of observing stations on the solution, solutions w»jre made using data obtained during one week for each of three satellites. In the first of three solutions summarized in table 4, data from all observing stations were used to determine gravity coefficients through the seventh degree and sixth order. A second test, which limited the number of observing stations to eight, resulted in gross distortions of the computed geoid. However, adding three pair of thirteenth and fourteenth order gravity coefficients as parameters of the solution resulted in a computed geoid close to that obtained with more extensive observations. The number of passes used in these last two solutions, which was only 1/40 of the number used in the NWL-5E solution, were distributed as shown in table 5. t-STOMARY While differences in various published solutions for the geoid based on satellite data were not tested under controlled conditions, the differences do not appear to be unreasonable in view of the effects of variations in the number of parameters on the solution (table 2) 
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ABSTRACT
Determinations of the geoid made by different authors have differed by more than forty meters in some geographic locations. The authors differed in the observations employed in the number of gravity coefficients they determined, and in a number of details in the method of solution, Experiments conducted with Doppler observations on satellites have shown moderate variations (rarely as much as 30 meters) in the geoid determined if the number of satellite orbital inclinations employed is reduced by one. Reduction of the number of gravity parameters used to represent the geoid also resulted in moderate variations in the principal geoid features, except under special circumstances which are described. Reducing the number of weeks of observations did not produce deviations greater than 25 meters. However, reducing the number of observing stations in addition resulted in distortions of the computed geoid which reached 100 meters. It apprears that the most recent geoid heights determined from satellite observations are correct to about 20 meters at any location and that observational data being obtained and techniques of computation being utilized should improve the accuracy to 10 meters ur better,
